We have amended the sentence as indicated by the referee to: The magnetic susceptibility of CuNi(CN)4 has the value µ = 1.76 µB at 295 K, which is consistent with isolated moments on Cu2+ ions (d9), and unfortunately indicates that a delocalised electron system is not formed.
Layered copper-nickel cyanide, CuNi(CN) 4 , a 2-D negative thermal expansion material, is one of a series of copper(II)-containing cyanides derived from Ni(CN) 2 . In CuNi(CN) 4 , unlike in Ni(CN) 2 , the cyanide groups are ordered generating square-planar Ni(CN) 4 and Cu(NC) 4 units. The adoption of square-planar geometry by Cu(II) in an extended solid is very unusual.
The simple binary copper(II) cyanide, Cu(CN) 2 , does not exist. The reaction of Cu(II) in aqueous solution with the pseudohalide cyanide ion reacts via a number of steps to produce cyanogen and copper(I) cyanide, CuCN.
1 This is reminiscent of the reaction familiar to chemistry undergraduates in which the iodide ion reacts with copper(II) to produce iodine and copper(I) iodide.
2Cu
2+ + 4 X -= 2CuX + X 2 (X = I -, CN -)
Our challenge was to stabilize Cu(II) with respect to the internal redox reaction in the presence of cyanide ligands only. This has been achieved by replacement of half of the Ni(II) in anhydrous nickel cyanide, Ni(CN) 2 , by Cu(II) to form CuNi(CN) 4 . In Ni(CN) 2 , each Ni atom is linked by four linear, bridging cyanide ions to four other nickel atoms to form planar Ni(CN) 2 sheets with head-to-tail cyanide disorder. [3] [4] [5] By using the square-planar ion, [Ni(CN) 4 ] 2-, as a synthon and linking such units by Cu 2+ ions, a modified Ni(CN) 2 sheet structure can be assembled in which the copper atoms have squareplanar geometry and are coordinated only to cyanide ligands via nitrogen to generate an ordered sheet (Figure 1 ).
#
Although there are a number of examples of molecular species containing square-planar Cu(II) with, for example, phthalocyanines and N and O donor ligands, 7, 8 we believe that the layered product, CuNi(CN) 4 , is the first example of a simple extended solid containing Cu 2+ (d 9 ) ions in X-ray diffraction patterns of CuNi(CN) 4 at 30, 180 and 270 °C (303, 453 and 543 K) square-planar coordination. The separation between adjacent CuNi(CN) 4 layers at 3.09 Å is too great for significant interlayer interactions to occur, precluding Jahn-Teller distortion of octahedral geometry to produce (4+2) coordination, as is frequently observed in Cu 2+ compounds. Further exploration of the Cu(II)-Ni(II) cyanide phase diagram shows that Cu(II) containing compounds also exist both as hydrates, Cu x Ni 1-x (CN) 2 ·3H 2 O, and dehydrated phases, Cu x Ni 1-x (CN) 2 , forming solid solutions over the range (0 ≤ x ≤ 0.25).
The addition of Cu 2+ ions to Ni(CN) 4 2-in aqueous solution immediately produces a blue-green gelatinous precipitate (vide infra), which on stirring for several hours transforms to a grey solid, characterised as CuNi(CN) 4 . On heating CuNi(CN) 4 under nitrogen at 680 K, copper(II) is reduced by cyanide to produce copper(I) cyanide and paracyanogen, together with nickel cyanide, according to the reaction: Cu II Ni(CN) 4 = Ni(CN) 2 + Cu I CN + (CN) n Figure 2 shows the powder X-ray diffraction patterns obtained for CuNi(CN) 4 and Ni(CN) 2 . The Bragg peak positions and relative intensities show the close underlying similarity of the two structures and confirm that CuNi(CN) 4 is a layered material. The difference in peak widths in the two diffraction patterns arises mainly from the difference in crystallite size of the two materials. The Raman spectrum of CuNi(CN) 4 exhibits 2 ν C≡N stretches, at 2209 and 2184 cm -1 , and the infrared spectrum has one non-coincident ν C≡N stretch at 2182 cm -1 . These observations are consistent with D 4h symmetry of the individual metal-cyanide layers. Only two arrangements of the Fig. 1 Representation of a layer of CuNi(CN) 4 with square-planar geometry around both Cu 2+ and Ni 2+ ions. The structural repeat unit within the layer is shown in the red square of length a. metal atoms and cyanide groups within each layer are therefore possible: namely, the one shown in Figure 1 , with the carbon end of the cyanide ligand attached to nickel and the nitrogen end to copper, or the inverted arrangement with the carbon end attached to copper. Of these two possibilities, only the first arrangement yields a good fit to the low r region (0 < r / Å < 3) of the total correlation function, T N (r) exp , obtained from neutron diffraction (Figure 3 and S.10) confirming that the metals and cyanide groups in CuNi(CN) 4 are indeed arranged as shown in Figure 1 Taking into account the metal and cyanide ordering within the layers determined above, the powder X-ray diffraction pattern for CuNi(CN) 4 can be indexed on a tetragonal unit cell (a = 6.957 (1) and c = 6.180(6) Å) (Figure 2 ). This unit cell is related to that of Ni(CN) 2 . The a lattice parameter in CuNi(CN) 4 is ~√2 of the value for Ni(CN) 2 as a consequence of the ordering of the Cu and Ni atoms within the layers. X-ray and neutron diffraction experiments 3 show no evidence of cyanide ordering within the nickel-cyanide layers in Ni(CN) 2 and in this case, the a lattice parameter corresponds to the direct M-CN-M distance shown in Figure 1 . The c lattice parameter chosen for CuNi(CN) 4 corresponds to a two-layer repeat, ABAB, and a physically reasonable interlayer separation of ~3.09 Å. Although a c lattice parameter of 1/2 this value could be used to index fully the powder X-ray pattern of CuNi(CN) 4 , this would be physically unreasonable as in the resulting AAA stacking, the atoms in adjacent layers would lie directly above each other and hence be impossibly close together. The stacking sequence in Ni(CN) 2 is more complicated with a four-layer repeat predominating 3, 4 resulting in a c lattice parameter of ~12.8 Å and the appearance of the broad reflection, indexed as (101), seen at 2θ~20 ° (Figure 2(b) ). Using the Cu-N, Ni-C and C≡N bond lengths obtained from fitting the low r region of T N (r) exp (Figure 3) , together with the unit-cell parameters obtained from the powder X-ray diffraction pattern and including the ABAB stacking of the layers, a 3-D model was constructed in space group Cmcm (Figure 4 ). This model reproduces T N (r) exp to r = 15 Å well (Figure 3 ) and is thus a good representation of the short-and medium-range structure in the material.
‡ It should be noted that this conventional crystallographic model does not fully reproduce the powder X-ray diffraction pattern in Figure 2 because in CuNi(CN) 4 , there is extensive stacking disorder, as evidenced by the shape of the (110) reflection (Figure 2) . Hence although the model gives a good description of the short-and medium-range order in CuNi(CN) 4 , the chemically important information, it needs to be combined with a model of the stacking disorder in order to reproduce the powder X-ray pattern. Indeed, an appropriate calculation demonstrating this has already been carried out in a previous paper 4 in which different types of stacking disorder were considered for Ni(CN) 2 and has validity in the present case as the Xray scattering factors of Cu and Ni are very similar (as indeed are those of C and N). The simulated powder X-ray diffraction pattern in which the sequence AB is followed by A occurs with a probability of 75% gives a good match to our observed pattern. In contrast, in Ni(CN) 2 , the most probable stacking sequence (67%) is that the sequence AB is followed by a third layer, A', which is offset with respect to both A and B.
Layered inorganic materials are currently attracting much interest, particularly with respect to their electronic, optical and mechanical properties. 9 Although graphene and metal disulfides are the most widely studied, a recent paper utilising DFT calculations has suggested that Ni(CN) 2 should have interesting electronic properties when in the form of individual sheets and, by analogy with graphene, when rolled into nanotubes, particularly if it can be n or p doped. 10 Mo and Kaxiras proposed that doping could be achieved by replacing some of the -C≡N-linkages by -C≡C-or -N=N-groups to produce either p-or n-doped structures. In our synthesis of CuNi(CN) 4 , we have effectively substituted on the metal sites in Ni(CN) 2 , rather than the non-metal sites.. By replacing half the Ni 2+ by Cu 2+ in Ni(CN) 2 to form CuNi(CN) 4 , we have achieved an extremely high level of n doping of the layers. Measurement of the magnetic susceptibility of CuNi(CN) 4 shows paramagnetic behaviour over the temperature range 50-350 K, with µ = 1.76 µ B at 295 K, which is consistent with isolated moments on Cu 2+ ions (d 9 ), and unfortunately indicates that a delocalised electron system is not formed. The presence of an absorption band centred at ~17000 cm -1 in the diffuse reflectance spectrum of CuNi(CN) 4 can be ascribed to a d-d transition(s) and is unobserved in the corresponding spectrum of Ni(CN) 2 (Figure 5) . From the reflectance spectra, the optical band gaps for Ni(CN) 2 and CuNi(CN) 4 are determined to be 16100 and 21780 cm -1 (2 and 2.7 eV), respectively, showing that this degree of substitution of Ni by Cu has produced a poorer semiconductor as a result of ordering within the metal-cyanide sheets. Considering mechanical properties, CuNi(CN) 4 shows twodimensional negative thermal expansion with α a = -9.7(8) × 10 (Figure 6 )) which is of a similar magnitude to that measured for graphene 11 and ~1.5 times the value for Ni(CN) 2 . Inelastic neutron scattering and DFT studies on Ni(CN) 2 at ambient 5 and high pressure 12 show that it is the atomic motions perpendicular to the metal-cyanide sheets that give rise to the 2-D NTE behaviour and it is anticipated that similar mechanism will apply in the case of CuNi(CN) 4 . Figure 6 shows the relative percentage changes in the a and c lattice parameters and cell volume, V, for CuNi(CN) 4 and Ni(CN) 2 . Although α a is independent of temperature over the temperature range of this study for both CuNi(CN) 4 and Ni(CN) 2 , the temperature dependence of α c is different for the two materials. For CuNi(CN) 4 , α c is non linear with temperature, whereas for Ni(CN) 2 , it is, like α a , independent of temperature. An explanation of the difference in the form of the variation of the c parameter with temperature, and hence also cell volume, requires a detailed comparison of the phonon density of states of CuNi(CN) 4 and Ni(CN) 2 to be carried out over a comparable temperature range.
As well as being mechanically different from Ni(CN) 2 , copper nickel cyanide, CuNi(CN) 4 , is chemically different in that it does not form hydrates. Indeed, it can be obtained directly from aqueous solution as the anhydrous compound, as described above. (Similar reactions using only nickel reagents, e.g. Ni 2+ + Ni(CN) 4 2-, produce layered nickel-cyanide hydrates, Ni(CN) 2 .nH 2 O (n = 3, 3/2), containing Ni(NC) 4 (H 2 O) 2 and Ni(CN) 4 units, and dehydration is required to form Ni(CN) 2 ). 3 Fig . 6 The relative percentage changes in the a and c lattice parameters and volume, V, for CuNi(CN) 4 and Ni(CN) 2 3 over the temperature ranges (93 -543) K and (95 -295) K, respectively. The relative % change of a parameter, l T2 , is given by 100 × (l T2 -l T1 )/l T1 , where l T2 is the parameter l at temperature T 2 , and l T1 is the parameter l at the lowest temperature, T 1 .
CuNi(CN) 4 is probably initially formed as individual layers. Mixing the salt solutions produces at first a blue gel, which turns grey on ageing in solution or on drying as the individual layers aggregate to form stacks. The powder X-ray diffraction patterns shown in Figure  7 provide evidence that the material grows only slowly in the [001] direction. Even in its final grey form, the stacks in CuNi(CN) 4 are only ~40 Å thick (as estimated by using the Scherrer equation applied to the (002) reflection). The slow growth in the c direction occurs possibly because the bonding between the layers is weak. Support for this hypothesis comes from the ease of separating the layers to make intercalation compounds. For example, stirring CuNi(CN) 4 in 4,4'-bipyridine in ethanol at room temperature produces a blue-grey solid with an interlayer separation of ~11.3Å, consistent with the formation of a pillared-layer compound, CuNi(CN) 4 (bipy) x , which is distinct from the previously reported material, CuNi(CN) 4 Figure  8 , which all adopt a nickel-cyanide-type structure. No mixed Cu(II)- Fig. 7 In situ powder XRD patterns collected during the drying of CuNi(CN) 4 as the sample turned from a blue-green gelatinous solid to a grey powder. The (002) reflection at ~ 29 ° increases in intensity on drying, whilst the (110) and (220) reflections remain substantially unchanged as the number of already-formed 2-D layers stacking together increases.
Ni(II) cyanides containing more copper than nickel could be prepared and the additional copper Cu(II) is reduced to Cu(I) in the form of the low-temperature polymorph of copper (I) cyanide, LTCuCN.
14 This reduction was also found when preparing the mixed Cu(I)-Cu(II) phase, Cu 2 Ni(CN) 5 ·3H 2 O, from Cu(II) and Ni(CN) 4 2-. 15 In copper rich compounds, Cu x Ni 1-x (CN) 2 (x > 0.5), some Cu(II) atoms would have to be coordinated to the carbon end of cyanide groups and it might be this fact that leads to their instability. Although rare, it should be noted that Cu(II) can be attached to cyanide groups via the carbon end of the ligand, for example, in [Cu(phen) 2 CN] + , 16 and of particular note is the molecular compound, Cu(phen)(CN) 2 , which has Cu(II) connected to two CN groups in this way. In conclusion, we have prepared a number of new layered compounds, Cu x Ni 1-x (CN) 2 , consisting of M(CN) 2 6 ‡ FOOTNOTE: Although stacking together layers of D4h symmetry in an ABAB sequence is incompatible with true tetragonal symmetry, it is possible to construct orthorhombic models with a tetragonal metric. Furthermore, stacking disorder will lead to the long-range average metric appearing tetragonal, so that a model describing the local and intermediate structure in 
Graphical Abstract
Cu(II) has been stabilised with square-planar coordination in a cyanide-only environment in the layered semiconducting material, copper-nickel cyanide, CuNi(CN)4, which shows 2-D negative thermal expansion.
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IR and Raman Spectra of CuNi(CN) 4
Infrared and Raman spectra were measured at room temperature on undiluted powder samples using a Perkin 
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Room-temperature Powder X-ray Diffraction
Room-temperature powder X-ray diffraction data were measured using a Bruker D8 diffractometer (Cu Kα 1 radiation, λ = 1.54060 Å) operating in Bragg-Brentano geometry using standard poly(methyl methacrylate) sample holders (Figure S.3 ). 
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Dalton Transactions Accepted Manuscript S7 4 Thermal analyses of CuNi(CN) 4 , was performed under dry N 2 between 288 and 680 K at a heating rate of 1 K min -1 using a TA Q600 STD, simultaneous TGA/DSC instrument ( Figure S.4) . paracyanogen, a disordered polymer, has no observable peaks in the diffraction pattern).
Thermal Analysis of CuNi(CN)
Thus at 635 K under N 2 , the overall reaction is: Cu 
Magnetic and Diffuse Reflectance Measurements
The magnetic moment of CuNi(CN) 4 The effective magnetic moment, μ eff , at 295 K is 1.76 μ B .
Diffuse reflectance spectra were collected for CuNi(CN) 4 and Ni(CN) 2 over the range 4000 -49000 cm -1 on a Perkin Elmer 900 UV-Vis-NIR spectrometer equipped with a 60 mm diameter integrating sphere ( Figure 5 ).
The polycrystalline samples were loaded into a black sample holder with a 1 cm quartz window and the reflectance spectrum measured in the form of the Kubelka-Munk function, f(R). 6 where R is the reflectance, k the absorption coefficient, s the scattering coefficient, A the absorbance and c the concentration of the absorbing species. S10 4 
Neutron Diffraction and Density Studies of CuNi(CN)

Pyknometric Density Measurement
The density of CuNi(CN) 4 was measured at room temperature using a Quantachrome Micropycnometer with helium gas as the working fluid. The density obtained was 2.439 g cm -3 in excellent agreement with the crystallographic density of 2.440 g cm -3 calculated using the unit-cell parameters determined at 295 K ( Figure   2 ) and unit-cell content, Z, equal to 2.
Neutron Diffraction Studies of CuNi(CN) 4
The sample of CuNi(CN) 4 (1.7665 g) used in the neutron diffraction experiments was dried at 110 °C under N 2 for 4 hours prior to loading into a 6mm diameter, thin-walled vanadium can under an argon atmosphere.
Time-of-flight total neutron diffraction data were collected on the GEM diffractometer 7, 8 at the ISIS facility, Rutherford Appleton Laboratory, Chilton, UK. The vanadium can containing the sample was placed in the instrument sample tank inside a close-circuit refrigerator (CCR). Data were collected at both 15 and 295 K using this experimental setup. The packing densities used in the data correction process were determined from the weight of the samples and can dimensions. Background runs to correct the data were collected on the empty instrument, empty can and on a standard vanadium rod. The data from detector banks 2, 3, 4 and 5 at mean scattering angles 17.3, 34.3, 61.7 and 91.8° were corrected for multiple and backscattering, attenuation and inelasticity and normalized to absolute scattering cross-section units using the program GudrunGUI 9 and the magnetic self scattering derived from the Cu 2+ (d 9 ) atoms was subtracted to obtain the final distinct scattering.
The corrected data were merged to yield an interference function, Qi N (Q), over the Q range 0.7 -49 Å -1 using the suite of programs ATLAS 10 in OpenGenie. 11 The low r region was extrapolated to Q = 0 Å -1 using a quadratic function applied to the data between 0.7 and 1 Å -1 (Figure S.8 ).
The interference function was then multiplied by the Lorch modification function 12 before the total correlation (Table S.1) , it is possible to calculate the length of the side of the square structural repeat unit for one layer of CuNi(CN) 4 , as shown in Figure 1 . At 295 K, this length, a*, is slightly longer than the value, a, obtained from powder X-ray diffraction. This discrepancy arises because in calculating a*, no account is taken of the lateral thermal displacements of the atoms (see ref [14] for further discussion and justification of the use of a* for modelling of T N (r) data).
In order to produce a three-dimensional model of the structure of CuNi(CN) 4 incorporating the stacking of the layers, it is necessary to chose a larger structural repeat unit within the layer i.e.√2 × a*. In this way, a structural model can be constructed in space group Cmcm which fits both the short-and medium-range order as indicated by the good fit to T N (r) exp (Figure S.9) . It should be noted that although the space group is S14 orthorhombic, we use a tetragonal metric. Overall stacking disorder will lead to pseudotetragonal symmetry, even though this is untrue on a local scale. 
Variable-temperature Powder X-ray Diffraction Studies
In situ variable-temperature X-ray studies, to investigate the thermal expansion behavior of CuNi(CN) 4 , were performed using an Anton Parr TTK 450 sample chamber operating under vacuum over the temperature range 93-603 K attached to a Bruker D8 diffractometer (Cu Kα 1 radiation, λ = 1.54060 Å) (See Figure 6 and Table   S showing decomposition of the sample. Aqueous solutions of CuCl 2 ·2H 2 O and NiCl 2 ·6H 2 O were prepared in separate flasks. These were quickly and simultaneously added to an aqueous solution of KCN. In each case, a green gelatinous precipitate immediately formed. The products were stirred for 10 hours, then filtered, washed with distilled water and allowed to dry in air. The resulting fine green powders were characterized using atomic absorption spectroscopy (Table S. and (e) Ni(CN) 2 ·3H2O. 17 In the inset, the 2θ region of 18-21 ° is enlarged for clarity. 
